This study aimed at comparing various diets predicted to induce different stimulations of the cecal microbial activity of the young rabbit fed ad libitum from 16 to 70 d of age: i) a diet enriched with rapidly fermentable fiber expected to stimulate the cecal microbial activity (RFF group); ii) a control diet with a standard composition (C group); iii) and the same control diet with tiamulin and apramycin antibiotics, expected to inhibit the microbial activity (C+AB group). A total of 398 rabbits were used from 42 litters and weaned at 28 d of age. An in vivo digestibility trial was performed on 36 rabbits of 42 to 46 d of age housed in individual metabolic cages. The feed intake and growth rates were lower in the RFF group compared with the C+AB group (-15% in ADFI and -11% in ADG, P < 0.001), with a lower weight of -183 g at 70 d (P < 0.001). No significant difference was found on ADG and final BW between the RFF and the C groups, but the RFF diet allowed a better G:F ratio at postweaning (P < 0.01). The digestion of soluble fiber (total dietary fiber minus NDF) was greater for the RFF group. The C+AB diet had a positive effect on the postweaning morbidity rate (P < 0.05) but did not affect the mortality rate and the health risk index (morbidity and mortality). Conversely, the RFF diet appeared to reduce the mortality rate compared with the C+AB diet, especially before 41 d of age. Concerning the cecal microbial activity, a supply of RFF in the diet increased the cecal VFA concentrations (+28% vs. C+AB and +22% vs. C, P < 0.001) and lowered the pH. The VFA pattern was affected at 45 and 60 d, with a dominance of acetate in the RFF group (+4% vs. C+AB and C groups, P < 0.001) instead of butyrate in the C+AB and C groups (-3.6% and -5% vs. C+AB and C, respectively, P < 0.001). Antibiotics addition (C+AB group) reduced the VFA concentration, but only after weaning (-25% at 45d of age) without changing the fermentation pattern. In conclusion, early intake of RFF in young rabbits stimulated the cecal microbial activity, and reduced the voluntary feed intake, leading to a reduced G:F ratio.
INTRODUCTION
Health preservation of the young is a major issue in livestock, more particularly for polytocous species, such pigs or rabbits. Around weaning, the current goal is to promote growth and reduce health risks (digestive disorders), while reducing the use of drugs and taking into account that antibiotics as growth promoter has been banned in Europe since 2006. More and more cases of bacterial resistance to aminoglycoside and pleuromutilin antibiotics has appeared for several years, such as Escherichia coli in cattle and pigs in France (Chaslus-Dancla and Lafont, 1985) , in the UK (Wray et al., 1986) , and in the United States (Sayah et al., 2005) . Strategies aiming at stimulating natural host defenses through the use of substances able to modulate immune functions have been proposed (Gallois et al., 2009 ). Another alternative is to stimulate the gastrointestinal microbiota. High proportions of cell wall polysaccharides that are highly digested by the rabbit, such as hemicelluloses and water-insoluble pectin (called digestible fiber, DgF), stimulated the cecal microbial activity and decreased frequency of diarrhea, possibly through a modulation of the immune status (Gidenne et al., 2004; Fortun-Lamothe and Boullier, 2007) . Digestible fiber is now widely used in feed formulation to reduce the risk of diarrhea after weaning (Gidenne et al., 2010) . In addition to DgF, other cell wall polysaccharides that are soluble in hot water may contribute to the health preservation of the young rabbit because they are rapidly fermented (Trocino et al., 2013) , although they are found in small quantities in rabbit feeds (5 to 9%). The modulation of the microbiota and health status should be more effective if dietary change occurs as early as possible before weaning (Combes et al., 2013) . Thus, our study has focused on early digestive and growth responses of the young rabbit, fed before weaning either a diet enriched with rapidly fermentable fiber (RFF) to stimulate activity of microbiota and immunity, or a standard diet referred to a control diet, or a medicated standard diet inhibiting the activity of the microbiota.
MATERIALS AND METHODS
All animal housing and handling procedures complied with the guidelines for animal research of the French Ministry of Agriculture (Anonymous,1988) .
Diets
Two experimental diets were formulated with the aim to modulate the cecal microbial activity of the growing rabbit (Table 1) . They were manufactured and pelleted (4 mm diameter; Euronutrition, Sourches, France). The diet enriched with RFF was formulated to stimulate the microbial activity through a high supply of water soluble fiber and pectins from dehydrated alfalfa, beet pulp, and apple pomace. The control diet (C) corresponds to a standard diet with a relatively high level of low-digested fiber (ADF) and hemicelluloses, according to the fiber requirements of the growing rabbit (Gidenne et al., 2010) . The C+AB diet is the control diet with 2 antibiotics to inhibit the cecal bacterial activity. Antibiotics were tiamulin (100 mg/kg) and apramycin (32.5 mg/kg), usually used to prevent rabbit epizootic enteropathy (REE) around weaning. These diets were similar in terms of CP and NDF concentration. The sum of soluble fiber (that included the nonstarch, non-NDF polysaccharides with soluble pectic substances, β-glucans, fructans, and gums) and water-insoluble pectin, referred to as RFF, and was calculated by the difference between total dietary fiber (TDF) and NDF (corrected for crude protein). The RFF diet contained nearly 6% more RFF than C+AB and C diets, while the starch level was about 7% lower. The RFF level (soluble fiber and water insoluble pectins) has also been estimated with the NDSF (neutral detergent-soluble fiber) method (Hall et al., 1997) . The NDSF level was about 5% greater in the RFF diet than in the C diet. The feeds were distributed ad libitum at an early age, from 16 to 70 d of age. Water was freely available throughout the study.
Animal and Housing
This experiment was conducted at the PECTOUL Experimental Unit (INRA, Toulouse, France). A total of 398 rabbits (INRA breed) of both sexes were used for this trial. Animals were born from 42 litters, and adjusted between 9 and 10 pups per litter at birth. The 2 d-old pups were allotted in 3 groups (n = 14 litters per group) and fed 1 of the experimental diets (n = 137 for RFF, n = 135 for C+AB, and n = 126 for C) from 16 to 70 d of age. The weight of does was assessed at 7, 14, and 28 d of age, and did not differ between groups (4747 ± 363 g, 5023 ± 358 g, and 5069 ± 374 g, respectively). Does and litters were housed in specific wire cages (61 × 68 × 35 cm, w × l × h) containing a nest box for pups (39 × 27 × 35 cm, w × l × h) and maintained in a ventilated breeding unit with a 16 h light schedule (0600 to 2200 h). Cages were organized to feed the does and pups different diets (FortunLamothe et al., 2000) . Rabbits were weaned at 28 d and kept in their cages until 70 d. Much attention was paid to manipulate young animals as little as possible before weaning to limit microbial contamination between litters commonly observed in commercial rabbit breeding. Liveweight measurements started only at weaning. Thirty-six rabbits of 35 d of age (12 animals of both sexes per diet, 1 per litter) were randomly assigned into individual metabolic cages (0.2 m 2 per rabbit) for an in vivo digestibility assay, according to Perez et al. (1995) . After 1 wk of adaptation to the new housing, the digestibility trial started at 42 d of age with a 4-d collection period.
Collection of Samples and Data
Animal performance (weight, growth, and ingestion) and morbidity were measured weekly, and further grouped into 3 periods: from 28 to 42 d of age, from 42 to 70 d of age, and the whole period (28 to 70 d). A rabbit with a digestive disorder such as mild diarrhea, severe diarrhea, or bloating (usually without diarrhea) was considered as morbid. Abnormally lean animals were also recognized as morbid animals. Mortality was assessed daily. The Health Risk Index (HRI) includes dead and morbid animals, each rabbit being counted only once (morbid or dead). In case of mortality, the remaining feed for the affected cage was weighed. A dead animal was considered not to have consumed any feed during the 2 d preceding its death. Thus, the feed consumed per animal was recalculated accordingly and the effective feed restriction per diet was obtained. The slaughter was performed by electrical stunning and exsanguination for 1 rabbit from each litter at 29, 45, 60, and 70 d of age to sample cecal digesta, analyze the pH (Unitrode with Pt 1000; Metrohm, Herisau, Switzerland), and the microbial activity (VFA, NH3, %DM). The weights of empty cecum and of cecal contents were also determined. For the digestibility trial, feces were collected and analyzed individually. The number of animals available for measurements decreased with time, due to sampling for each slaughter.
Analytical Methods
The following chemical analyses were performed at UMR 1289 TANDEM on diets and feces according to et al. (1991) , and using an amylolytic pretreatment with a thermostable amylase (AFNOR, 1997; ISO, 2007 ISO, , 2008 . The neutral NDSF was estimated according to the method of Hall et al. (1997) . The TDF was also determined (Method 985.29, AOAC International, 2007) . Starch in the feed was hydrolyzed enzymatically and the resulting released glucose was measured using the hexokinase glucose-6-phosphate dehydrogenase system (D-Glucose, Boëhringer, Mannheim, Germany). Nitrogen levels were determined in feeds and feces according to the Dumas combustion method using the Leco auto-analyzer (Model FP-428, Leco Corp., St Jospeh, MI) and converted to crude protein (N × 6.25). Crude fat determination was performed using the Soxtec system H+ (after acid hydrolysis pretreatment) according to the method described by Alstin and Nilsson (1990) . The ammonia-nitrogen concentration in the cecal digesta was measured according to the procedure of Verdouw et al. (1978) using an auto-analyzer (Technicon, Domont, France). The VFA concentrations were determined by gas chromatography (CP9000, Chrompack, Middelburg, the Netherlands).
Statistical Analysis
All statistical analyses were performed using R version 3.0.1 (R Development Core Team, 2013). Fecal digestibility parameters (OM, CP, GE, NDF, ADF, and hemicelluloses) were treated in a linear 1-factor model (the group). The ADFI, ADG and G:F ratio were obtained by litters and treated according to a linear 1-factor model (the group), with consideration of the weaning weight as a covariate. A post-hoc pairwise comparison was performed for significant results with a Bonferroni adjustment. The mortality and morbidity rates and the HRI were analyzed by a chi-square test. Variables of microbial activity (pH, NH 3 , and VFA concentrations and profiles) and cecal parameters (empty weight, weight of content, and DM) were obtained individually and analyzed using a linear 2-factor (age and group) model. Then a Tukey's Honestly Significant Difference test was used to determine where among the factor levels the differences occurred.
RESULTS

Nutrient Digestion
As expected, the whole tract digestibility of fiber fractions was improved with the RFF diet compared with C+AB and C diets (+5.4 and +7.5% for NDF, respectively, +3.7 and +8.5% for ADF, +11.9 and +9.9% for hemicelluloses, P < 0.001; Table 2 ). In contrast, the digestibility of CP was about 7 and 5% lower for RFF diet (P < 0.001) compared with C+AB and C diets, respectively. Slight variations were observed for the digestibility of GE and OM, although the addition of antibiotics induced a greater digestion of the control diet (+2.5%). Consequently, the DE contents of the diets were 9.79, 10.13, and 9.71 MJ/kg for RFF, C+AB, and C, respectively. Whereas the digestible CP contents were 104, 110, and 106 g/kg, respectively.
Growth and Feed Intake Parameters
Over the whole fattening period (28 to 70 d), the growth performances were high, with an average daily gain of over 44 g/d, and over 50 g/d after weaning (28 to 42 d). The postweaning feed intake in the RFF group was 15% lower on average than in the 2 other groups (Table 3) , while the greatest intake was recorded for the C+AB group. Therefore, despite a greater content in NDSF and TDF for the RFF diet, the amount of ingested TDF was similar for the 3 groups (49 g/d for 28 to 70 d). However, as expected, the amount of ingested RFF (estimated from TDF minus NDF) was nearly 4 times greater for RFF rabbits (8.2 g/d for 28 to 70 d) than for the 2 other groups (2.1 g/d). During the course of the experiment (28 to 70 d), the DE (-17% vs. C+AB and -11% vs. C, P < 0.001) and the CP intake (-15% vs. C+AB and -12% vs. C, P < 0.001) were lower for RFF group compared with the 2 other groups. The daily gain of the RFF group did not significantly differ from that of the control, and was about 8% lower than that of the C+AB group, leading to a 190 g lower body weight (P < 0.05). Finally, G:F ratio was reduced by the addition of RFF, and particularly during the postweaning period, from weaning to 42 d of age (-6 and -8% for RFF compared to C+AB and C, respectively).
Health Status
The mortality before weaning was very low (<4%) and did not differ between groups: from birth to weaning, we recorded only 5, 6, and 5 dead pups for RFF, C+AB, and C, respectively. After weaning, the overall mortality rate remained below 14%. and did not differ between the 3 groups (Table 4) . However, the mortality kinetics differed according to the diet during the postweaning phase: at 41 d of age, the number of dead rabbits were lower (P = a,b Within a row, means without a common superscript differ (P < 0.05).
1 C = control diet; C+AB = antibiotic diet; RFF = diet rich in rapidly fermentable fiber.
2 The data are processed collectively for ADFI, ADG, and G:F, with an average of 329 rabbits between 28 and 42 d, 229 rabbits between 42 and 70, and an average of 263 rabbits for the whole period. For the BW, data are processed individually, with 398 rabbits at d 28, 306 rabbits at d 42, and 163 rabbits at the end of the experiment (d 70). The decrease in the number of rabbits over time is due to slaughtering of rabbits (d 29, 45, 60, and 70) , reducing the number of animals available for these measurements.
3 The BW at 28 d of age was used as a covariate. a,b Within a row, means without a common superscript differ (P < 0.05).
2 n = 10 for C+AB and C, and n = 9 for RFF.
at INRA Institut National de la Recherche Agronomique on November 25, 2014 www.journalofanimalscience.org Downloaded from 0.05) for diets without antibiotics (RFF and C; 1 and 2 dead rabbits, respectively) compared with C+AB group (6 dead rabbits). In addition, from 28 to 45 d of age, mortality was recorded in only 1 litter out of 14 in the RFF group, whereas mortality was detected in 3 and 4 litters in C+AB and C groups, respectively. Morbidity rate was similar between RFF and C groups, and was greater after weaning. The addition of antibiotic to the diet has resulted in a lower morbidity rate, particularly after weaning, between 28 and 42 d of age (-9% on average, P < 0.05). Accordingly, the HRI was not significantly affected by the diet or antibiotic addition at any age.
Cecal Ecosystem and Microbial Activity
Two weeks after weaning, the weight of the cecal content was 20% greater for RFF rabbits than for the other 2 groups (102 vs. 80 g at 45 d of age, P < 0.001), and this difference remained constant thereafter (at 60 and 70 d; Fig. 1 ). The weight of the empty cecum, which increased with age, was also found greater for RFF (P < 0.001; Table 5 ). The dry matter percentage of the cecal digesta was greater for the RFF group (+3% on average, P < 0.001) and no interaction with age was found.
The acidity of the cecal content at weaning was, on average, 3% greater in the RFF group, and the pH difference (Table 5 and Supplmentary Fig. S1 ) increased at 45 and 60 d of age (5.38 vs. 5.80 for RFF, and C+AB and C groups, respectively, P < 0.001). Conversely, ammonia concentrations were similar for the 3 groups, but were greatest at 45 d of age, and then decreased (by 30%) until 70 d. At weaning, the cecal VFA concentration (Fig. 2) was already high for RFF rabbits (98 mM) compared with the 2 other groups (73 mM). At all ages, a 20% greater VFA concentration was observed for RFF rabbits, that tended to peak at 45 d of age. Antibiotic addition lowered the fermentative activity at 45d of age where the VFA level was 20% lower than in the control and almost 30% lower than in the RFF group. The fermentation pattern (Fig. 3) revealed that the acetate (C2) and butyrate (C4) proportions were reversed with age. The percentage of C2 for RFF peaked at 45 d then decreased until 70 d of age. For C and C+AB groups, the proportions decreased linearly during the course of the experiment. Moreover, the percentage of C2 was greater for RFF at 45 and 60 d of age (+5% on average, P < 0.001) whereas it was the opposite for C4 at the same ages. The propionate (C3) proportions were affected neither by the diets nor by the age. A significant interaction between the effect of the diet and the age was detected for the C4/C3 ratio. The C4/ C3 ratio increased quickly from weaning to 60d old for C and C+AB groups (P < 0.001), while it remained lower for RFF rabbits particularly at 60 d of age: 2.6 vs. 4.1 for C+AB and C groups (P < 0.001).
DISCUSSION
Early Modulation of the Cecal Activity
The stimulation of the microbial activity in the cecum is identified as a strategy to improve the digestive health of 25-d-old rabbits by increasing the barrier effect of the commensal microbiota against potential pathogenic bacteria, or by modulating other physiological parameters of the gut, such as the mucosa quality (Gómez-Conde et al., 2007) . Among factors that positively influence cecal activity, the supply of rapidly fermentable polysaccharides is a good candidate. Dietary pectin or soluble fiber (estimated as TDF minus NDF) are correlated with in vivo cecal VFA concentrations (García et al., 2002 ; Trocino et al., Table 4 . Health status of rabbits, according to addition of rapidly fermentable fiber or antibiotics in the diet a,b Within a row, means without a common superscript differ (P < 0.05).
2 Average number of live rabbits during the period is given in parentheses.
3 HRI: Health Risk Index = Mortality + Morbidity. at INRA Institut National de la Recherche Agronomique on November 25, 2014 www.journalofanimalscience.org Downloaded from 2013). According to Combes et al. (2013) , the modulation of the microbiota is more effective if dietary changes occur as early as possible before weaning. Accordingly, through an early supply of soluble fiber, the microbial activity was already activated in the cecum of animals of the RFF groups at weaning. As described in previous studies, a greater VFA concentration in the cecum was observed, together with a greater acidity, and an inversion of the acetate and butyrate percentages compared with the 2 other diets (Falcão-e-Cunha et al., 2004; Gidenne et al., 2004; Xiccato et al., 2011) . Other studies have reported contrasting results (Gómez-Conde et al., 2009; Trocino et al., 2010 Trocino et al., , 2011 Belenguer et al., 2011) , showing that an increase in soluble fiber linearly decreased the pH or had no effect on ammonia-N, total VFA concentration, and VFA molar proportions. Our results show that a supply of RFF in the diet increased the concentration of acetate at the expense of butyrate, in agreement with previous studies Grueso et al., 2013) . The novelty of our results relies in the early stimulation of the microbial activity, already at 4 wk old, associated with a high intake of RFF. Beet pulp and apple pomace, which are rich in RFF fractions (Carabaño et al., 1997; Falcão-e-Cunha et al., 2004) , are very likely responsible for increasing the cecal acidity and VFA concentrations.
Conversely, the effects of insoluble fiber that are highly digestible (DgF = hemicelluloses and water-insoluble pectin) are variable on the development of the hindgut (Jehl and Gidenne, 1996; García et al., 1993; Carabaño et al., 1997; Gidenne et al., 2004) . Here, with a greater intake of soluble fiber and pectin (from apples and beets), a higher weight of the cecal content and a lower dry matter level were recorded after weaning, suggesting a specific role of water-soluble polysaccharides on digestive segments contrary to insoluble ones (García et al., 2000; Molist et al., 2009 ).
Effects of Diets on Growth and Intake
In our conditions, the RFF diet reduced the G:F ratio and the ADFI compared with the control diet. Contrary to the study of Falcão-e-Cunha et al. (2004), there was no negative effect of high soluble fiber levels on ADG and final BW. Classically, the addition of growth promoter antibiotics in the diet increased the ADG (Zhao et al., 2012) and the final BW (Falcão-e-Cunha et al., 2007; Hughes and Heritage, 2004) without modifying the feed intake. Our results show that antibiotics used for REE prevention do not reduce the G:F ratio, although the growth was improved. In contrast, a lower G:F ratio was observed for the RFF group compared with the C+AB group from 28 to 45 d of age.
Classically, when low digestible fiber is incorporated in the diet, the growing rabbit increased its feed intake to maintain its DE intake , within a range of 9 to 11 MJ of DE/kg. In contrast, the incorporation of RFF even reduced the feed intake as found in our experimental conditions and in agreement with 2 previous studies (Marguenda et al., 2006; Gidenne et al., 2013) . Accordingly, the DE intake was lower for RFF rabbits explaining their lower growth rate than that of the C+AB group. The lower feed intake and the greater cecal development, associated with a higher humidity level of its content, could be related to the high water retention capacity of ingredients (gel formation), such as apple or beet pulp, supplying the dietary soluble fiber (Molist et al., 2009 ).
Fiber vs. Antibiotics: What Impact on the Health Status?
A larger consumption of RFF did not globally modify the digestive health of rabbits compared with the control diet. This contrasted with a recent review showing that dietary soluble fiber tended to improve the mortality rate (Trocino et al., 2013) . This suggests that soluble fiber might have a role on the digestive health, but should be confirmed.
Providing antibiotics in feed reduced the morbidity rate of animals, but no major beneficial effect on the mortality rate were detected, contrary to the study of made in an REE context with a higher mortality rate. Although our experiment was not designed specifically to assess the health status precisely (because of the relatively small number of animals). Adding antibiotics seemed not beneficial just after weaning, since the mortality rate (until 41 d) was higher compared with the 2 other diets. This high mortality rate observed 2 wk after weaning for C+AB rabbits was linked to a high pH and a low concentration of VFA in the cecum. Dietary supplements with antibiotics, such as tiamulin, would exert a selection within the commensal flora, thus reducing the microbiota diversity (Abecia et al., 2005; Bovera et al., 2010; Combes et al., 2013) and particularly when antibiotics are used before 8 wk of age. The concentrations of VFA in the cecum would thus be reduced, and it has been hypothesized that a high cecal VFA concentration provides beneficial effects on digestive health (Gidenne, 1996) , such as a decreased risk of REE (Grueso et al., 2013) or the protection of enteric E. coli infections by the action of inhibitors with an acidic pH (Prohászka, 1980) .
Conclusion
An early intake of RFF (from 16 d of age) stimulated the cecal microbial activity and modified the fermentation pattern already from weaning (28 d) to 60 d of age. The addition of antibiotics reduced transitorily the microbial activity (only at 45 d of age) in association with a greater mortality. The early supply of dietary RFF also reduced the postweaning voluntary feed intake with a slight growth impairment, thus leading to a better G:F ratio. The RFF could therefore be recommended at postweaning to regulate the feed intake of the ad-libitum-fed young rabbits and to avoid digestive disorders originating in a too-high intake after weaning. 
